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To address the possible role of M1 in the responses to chronic resistance exercise, we used a different approach and applied repetitive magnetic brain stimulation (rTMS) to inhibit M1 during training and potentially interfere with increases in MVC. rTMS has been used extensively to manipulate the excitability of motor cortical structures, including M1. Highfrequency (Ͼ1 Hz) rTMS tends to increase corticospinal excitability, and low-frequency rTMS (Յ1 Hz) administered below, at, and above resting motor threshold (rMT) tends to decrease corticospinal excitability that can last for up to an hour after the stimulation is stopped (26, 45) . Even highfrequency magnetic brain stimulation in the form of continuous magnetic theta-burst stimulation, when administered after voluntary contractions, can depress corticospinal excitability (21) . Several studies demonstrated that the reduction in corticospinal excitability was not accompanied by a reduction in motor output (11, 40, 43, 58) . However, a few studies did report impairments in motor output, including reaction time and finger tracking performance, after bouts of 1-Hz rTMS (7, 51) . Prior motor training also reduced the response to a subsequent facilitatory rTMS protocol, suggesting that rTMS influences functionally important circuits (53) . Therefore, rTMS could interfere with the processes that contribute to natural behaviors. In addition, voluntary activation tested with TMS was deficient in an intrinsic hand muscle, suggesting that there is some supraspinal capacity rTMS can act upon (28) . We thus examined the possibility that, akin to homeostatic-like effects, voluntary muscle contractions, which raise corticospinal excitability, would potentiate the inhibitory effects of subsequently administered 1-Hz rTMS (41, 45, 56) . This enhanced inhibitory effect would in turn reduce corticospinal excitability and interfere with the processes involved in generating voluntary force. The purpose of the present study was to compare the effects of resistance exercise training with and without 1-Hz rTMS on MVC and motor cortical excitability in healthy young human volunteers. We hypothesized that 1-Hz rTMS of M1 during resistance exercise training would diminish strength gains compared with exercise training alone.
METHODS

Participants and Study Design
Forty adults (10 women, 30 men) volunteered for the study. Participants gave their informed consent to the experimental procedures, which were approved by the Institutional Review Board of the National Institute of Neurological Disorders and Stroke (NINDS). The study was performed in accordance with the Declaration of Helsinki. Participants were interviewed about their general health on the telephone and were included only if they were right-handed based on the Oldfield handedness questionnaire (42) and had no history of neurological disorders, including no head or hand injuries. After the phone interview, a neurologist conducted a neurological examination of the prospective participant to verify that he/she met inclusion criteria. Next, volunteers visited the laboratory and were familiarized with the equipment and testing and training procedures. Participants' mean age, height, and body mass were 30.3 yr (ϮSE 1.2), 1.76 m (Ϯ0.02), and 73.4 kg (Ϯ2.7), respectively.
Participants were randomly assigned to one of five interventions (each n ϭ 8: 6 men, 2 women). A group of subjects strength-trained the right FDI with voluntary contractions (Vol); another group strength-trained the right FDI and received rTMS; the third group strength-trained the right FDI and received sham rTMS; the fourth group did not strength-train and received rTMS only; and participants in the control group did not exercise, did not receive rTMS, and performed testing only. The groups were similar in age, height, and body mass. Participants attended ten 20-min-long training sessions on nonconsecutive days over a 4-wk period. Training sessions 1, 5, and 10 were longer, ϳ1.5 h, than the other sessions because MVC of the right FDI, the target muscle, and the right abductor digiti minimi (ADM), a control muscle, was measured and peripheral nerve stimulation and TMS experiments were conducted before and after the training bouts. ADM was used to determine the spatial specificity of strength gains. We did not use a thumb muscle as a control because in our experimental arrangement the right thumb was strongly abducted and its prime movers stretched, and passive stretch is known to change contractile properties and also provides sensory feedback (22) . In all experiments subjects were comfortably seated in a reclining padded chair, equipped with an armrest on each side and an adjustable head support.
Testing Procedures
Voluntary force. A custom-designed hand dynamometer was used for strength training and testing of the right FDI and was reconfigured for the testing of the right ADM. The dynamometer's plexi base was affixed to the chair's armrest, supporting the forearm. The participant's right hand rested on the plexi base with the palm flat. The index finger was isolated with the thumb extended and abducted and the third, fourth, and fifth fingers extended and, with a Velcro strap, abducted. The center of the proximal interphalangeal joint of the extended index finger was aligned with the center of the load cell (model 31, Honeywell-Sensotec, Columbus, OH). The wrist was stabilized with a Velcro strap wrapped around the chair's armrest and the dynamometer's plexi base. The optimal position of the load cell was determined for each subject and adjusted individually. Such a setup ensured that the sole source of force production was index finger abduction. In separate measurements with the same dynamometer reconfigured, the right little finger was also isolated from the fourth, third, and second fingers and its proximal interphalangeal joint aligned with the center of the load cell, and the abduction force was measured. MVC was determined in the right FDI and ADM. Subjects were familiarized with the procedure by performing two trials of 5-s-long force production at 50%, 75%, and 90% MVC, respectively. Subjects were then instructed to perform two trials of 5-s-long MVC with 1 min of intertrial rest, and the force was recorded from these trials on the computer. Participants received biofeedback of their force production from an oscilloscope (model TDS220, Tektronix, Richardson, TX). The order of testing of the right FDI and ADM was systematically rotated between subjects.
Electromyography. Electromyography (EMG) activity of the right FDI and ADM was recorded with silver-silver chloride surface EMG electrodes (2-cm center-to-center interelectrode distance) placed over these muscles in a belly-tendon montage. EMG signals were amplified with a Nicolet Viking electromyography system (Skovlunde, Denmark) and band pass filtered between 10 and 2,000 Hz. Signals were digitized at a frequency of 5 kHz and fed into a laboratory computer for further off-line analysis. EMG activity was recorded during cortical and peripheral nerve stimulation. In addition, EMG activity was also recorded from the right ADM during rTMS interventions to monitor its potential spread of excitation to muscles not previously activated by rTMS as a warning sign for a seizure.
Transcranial magnetic stimulation and peripheral nerve stimulation. TMS was delivered to the optimal scalp position for activation of the right FDI overlying left M1. Before TMS, a cap (Electro Caps International, Eaton, OH) was placed on the subject's head. For each subject we marked individual anatomic landmarks on the cap that allowed us to place the cap on the head in the same position within and across sessions. The optimal coil position was also marked in a coordinate system drawn on the surface of the cap. Thus the coil was placed on the surface of the cap in the same position within and across sessions. These procedures made it possible to stimulate the same area of the cortex within and across sessions. The intersection of the coil was placed tangentially to the scalp with the handle pointing backward and laterally at a 45°angle away from the midline over the hot spot for the FDI muscle. The direction of the current flow was posterior to anterior across M1. The coil was secured with a coil holder to ensure that the same area of the cortex was stimulated within and across sessions. Single-pulse stimuli were delivered at an interstimulus interval of 5 s. During experiments, MEPs were displayed on the monitor of the data collection computer, visually inspected, and stored on a computer for offline analysis. The coil was moved in 0.5-cm steps over M1 to identify the hot spot for activation of the FDI. MEPs were elicited by TMS delivered from a Magstim 200 stimulator (Magstim, Dyfed, UK) through a figure-eight coil (external loop diameter 8 cm; type number SP15602). Measures of cortical excitability included rMT (see below) and amplitude of MEPs in the form of a recruitment curve in sessions 1, 5, and 10 before and after an intervention. rMT was determined with 1% increment in stimulator output as the minimal stimulus intensity required to produce MEPs of at least Ͼ50 V in peak-to-peak amplitude in at least 5 of 10 consecutive trials (48) . For the recruitment curve, stimulation started at 10% below rMT and increased in 10% steps of maximal stimulator output until the MEP amplitude did not experience additional increases or the maximal stimulator output was reached. The stimulation intensities were administered in a pseudorandom order, with the highest intensity presented last. There were seven trials to determine MEP amplitudes at each stimulation intensity.
MEP amplitudes were measured peak to peak, averaged off-line, and expressed as a percentage of the maximal motor response (M max). To determine Mmax, the ulnar nerve was stimulated (1-ms rectangular pulse; model Viking IV, Nicolet Biomedical, Madison, WI) with supramaximal intensity by bipolar surface electrodes placed at the wrist with the subject's hand in the dynamometer. The intensity of stimulation was increased from a subliminal level until there was no further increase in the peak-to-peak amplitude of the M wave with increasing stimulation intensity. At this final stimulation intensity, we recorded the twitch-evoked force in three trials. We normalized each participant's TMS data to the individual M max, making it possible to compare MEP amplitudes between different test sessions. TMS trials with prior background EMG were excluded from the analysis. Stimulation intensity was expressed as a percentage of each participant's rMT. For this purpose, the mean baseline activity for each recruitment curve was calculated and values Ϯ1 SD around the baseline were fitted with one straight-line regression formula. A second straight line (y ϭ a ϩ bx) was fitted to the values forming the steepest part of the curve. rMT was calculated as the intercept of the two regression lines. For the sake of group comparisons, all stimulus intensities were normalized to rMT of a stimulus-response curve determined before an intervention during the first training session. Such a normalization process makes it possible to reliably determine shifts in recruitment curves due to a specific intervention (8) .
Testing Protocol
In all subjects, in sessions 1, 5, and 10 EMG electrodes were placed over the right FDI. MVC of the right FDI and ADM was measured, and M max evoked in the right FDI, rMT, and a recruitment curve were measured in the right FDI. Participants then completed the randomly assigned intervention. After the intervention, the measurements of the rMT and recruitment curve were repeated. Sessions 1, 5, and 10 lasted ϳ1.5 h. In sessions 2-4 and 7-9 only the training protocol was administered, and these sessions lasted ϳ20 min.
Interventions
Participants who received the Vol intervention exercised the right FDI with isometric contraction at an intensity of 70 -80% of MVC. They performed 5 blocks of 10 contractions to a target zone set on the oscilloscope. The duration of each contraction and the intercontraction rest interval were both 5 s. Participants reached the target zone by gradually increasing force in 0.5 s, and after 4.5 s they reduced force production in 0.5 s. The interblock rest period was 60 s long. We selected the 70 -80% zone instead of 100% of MVC as the exercise intensity to avoid fatigue (47) and also to eliminate a skill component (30) from the training program by having the participants aim at a single target line. If the training program had induced fatigue, it would have not been possible to determine whether rTMS had any acute, potentially diminishing effects on force production. In addition, muscle fatigue modulates the excitability of M1 (20); hence fatigue could have interacted with the effects of rTMS. At the start of each exercise session, subjects performed four contractions at 50% of MVC as a warm-up and then performed one contraction at 100% of MVC to assess strength gains and use this value as a base to compute the 70 -80% zone of training intensity. Thus all intervention groups exercised in the same intensity zone of relative forces throughout the study. To determine whether the interventions modified MVC acutely within a session, subjects performed one MVC 1 min after the end of the intervention.
Participants who received the VolϩrTMS intervention followed the Vol protocol but also received rTMS during the four 60-s-long interblock periods and after the last (fifth) block of exercise. rTMS was performed in accordance with current safety recommendations (58) . A figure-eight-shaped stimulation coil (external loop diameter 9 cm; type no. SP15560), optimally positioned on the scalp over the left M1, was connected to a rapid-rate magnetic stimulator (Magstim, Whitland, Dyfed, UK). The rate of stimulation was 1 Hz at an intensity of 120% of rMT. The coil was secured over the participant's head during each session, and immediately after the completion of the 10th contraction of each block rTMS was started and 60 pulses delivered. Thus there were 5 ϫ 60 for a total of 300 pulses per session and 3,000 pulses total in 10 sessions. Participants who were assigned to the VolϩSham intervention followed the Vol and VolϩrTMS protocols but received sham rTMS. Sham rTMS was achieved by securing the coil over the participant's head so that the plane of the coil was rotated 90°to the right with the coil wing's edge contacting the scalp. These subjects received sham rTMS at the same time intervals as did the subjects in the real rTMS groups, with the stimulator set at 120% of rMT. Sham rTMS under these conditions did not produce MEPs. Finally, members of the control group did not exercise or receive rTMS and participated in testing only. They came to the laboratory, placed their right hand in the dynamometer, and quietly sat or read a newspaper. During interventions, subjects placed the right index finger in the dynamometer with the proximal interphalangeal joint contacting the load cell interface to eliminate movementrelated sensory feedback, which was especially important in the rTMS groups (45) .
Statistical Analyses
All data are presented as means Ϯ SE. Changes in muscle strength of the right FDI and ADM were, respectively, analyzed with a group (5) by session (10) and group (5) by session (3) analysis of variance (ANOVA) with repeated measures on session. M max and twitchevoked force, respectively, were analyzed with a group (5) by session (3) ANOVA. Acute changes in rMT within sessions 1, 5, and 10, respectively, were analyzed with a group (5) by time (before, after intervention) ANOVA with repeated measures on time. Acute changes within sessions 1, 5, and 10 in recruitment curves were analyzed with a group (5) by time (2) by session (3) ANOVA with repeated measures on time and session. Acute changes within sessions 1-10 in MVC were analyzed with a group (4) by session (10) ANOVA with repeated measures on session.
Chronic changes in rMT in response to the five interventions were analyzed by comparing rMT before an intervention, respectively, within sessions 1, 5, and 10 with a group (5) by session (3) ANOVA. Chronic changes in recruitment curves in response to the five interventions were analyzed by comparing normalized MEP amplitudes before an intervention, respectively, within sessions 1, 5, and 10 with a group (5) by session (3) by stimulation intensity (8) ANOVA. In case of a significant F value, we used a Tukey's post hoc contrast to identify the means that were different at P Ͻ 0.05. Pearson product moment correlation coefficients were computed between rMT and MVC and the changes in MVC between sessions 1 and 10 in the right FDI. In addition, correlation coefficients were computed between percent changes in MVC and M max-normalized MEP size measured at the highest stimulation intensity (i.e., 1.6 of rMT) from session 1 to session 10 in Vol, VolϩSham, VolϩrTMS, and rTMS_only groups.
RESULTS
Muscle Strength
ANOVA revealed a significant group by session interaction in MVC of the right FDI (F ϭ 4.7, P ϭ 0.001). The FDI force at baseline was 32.0 (Ϯ2.9), 35.2 (Ϯ2.5), 35.2 (Ϯ3.4), 35.5 (Ϯ4.2), and 33.8 (Ϯ4.1) N in Vol, VolϩSham, VolϩrTMS, rTMS_only, and control groups, respectively. Figure 1 shows the percent changes in MVC. From first to last session, MVC increased 37.5% (Ϯ8.5) in the Vol group and a similar amount, 33.3% (Ϯ16.0) in the VolϩSham group. These improvements were significantly more than the 18.9% (Ϯ15.3) in the VolϩrTMS group. The 1.9% (Ϯ9.9) change in the rTMS_only group and the 2.6% (Ϯ4.2) in the control group were not significant and were less than Vol, VolϩSham, and VolϩrTMS groups (all P Ͻ 0.05). The data suggest that rTMS interacted with exertion of voluntary strength because it interfered with improvements in voluntary strength, but it did not reduce voluntary strength when it was applied by itself without strength training.
On the basis of the before and after session measurement of MVC, we were able to determine whether any of the interventions produced changes in voluntary force acutely, within each session. A group by session ANOVA of the acute, withinsession percent changes in MVC revealed a significant interaction (F ϭ 7.4, P ϭ 0.001). There were no acute changes in MVC in Vol, VolϩSham, and rTMS_only groups, but the VolϩrTMS group revealed small but significant reductions in MVC of Ϫ3.2% (Ϯ1.0), Ϫ4.1% (Ϯ0.8), Ϫ5.2% (Ϯ1.0), Ϫ5.5% (Ϯ1.1), Ϫ6.5% (Ϯ1.2), Ϫ5.5% (Ϯ1.1), and Ϫ6.2% (Ϯ1.2) in sessions 4 -10, respectively.
The right ADM force at baseline was 11.9 (Ϯ1.3), 15.4 (Ϯ1.8), 13.5 (Ϯ1.9), 15.4 (Ϯ1.8), and 14.5 (Ϯ1.8) N in Vol, VolϩSham, VolϩrTMS, rTMS_only, and control groups, respectively. There were no significant changes in the MVC of the ADMs in any group (group main effect F ϭ 0.7, P ϭ 0.611; time main effect F ϭ 1.0, P ϭ 0.374; group by time interaction F ϭ 0.8, P ϭ 0.625). There was no significant group by session interaction (F ϭ 0.6, P ϭ 0.678), group (F ϭ 1.1, P ϭ 0.333), and session (F ϭ 0.5, P ϭ 0.727) main effect in twitch-evoked force elicited in response to a supramaximal stimulus of the ulnar nerve in the right FDI. There also were no changes in twitch-evoked forces in the ADM control muscle.
TMS Data
We refer to "acute effects" as effects that occurred within sessions 1, 5, and 10 and to "chronic effects" as effects that occurred between sessions 1-5, 1-10, and 5-10. The group by session ANOVA revealed that none of the interventions affected M max between sessions 1, 5, and 10 (group main effect F ϭ 0.2, P ϭ 0.893; session main effect F ϭ 1.5, P ϭ 0.231; group by session interaction F ϭ 0.9, P ϭ 0.470). None of the interventions produced significant acute (i.e., within sessions 1, 5, and 10) changes in rMT in the right FDI (range of P values from 0.111 to 0.996) or in the right ADM (range of P values from 0.111 to 0.631). The mean of the rMT in the right FDI was 48.5 (Ϯ2.4) before (pooled across intervention groups and sessions 1, 5, 10) and 47.9 (Ϯ2.6) after intervention. Figure 2 shows the acute effects of the interventions on TMS recruitment curves in the right FDI, and Table 1 summarizes the statistical analyses. The relevant aspects of these analyses were the time main effect (pre, post, 2 levels) and the time by stimulation intensity (8 levels) interaction. A significant time effect signifies a global reduction in MEP size within a session, and a significant interaction term would indicate a change in slope of the recruitment curve within a given session. The Vol and VolϩSham interventions did not affect MEP size and recruitment slope acutely within sessions 1, 5, and 10. In contrast, the VolϩrTMS intervention reduced MEP size 20% within session 5 (time main effect, P ϭ 0.003) and 32% in session 10 (time main effect, P ϭ 0.037). In addition, this intervention also significantly modified the slope recruitment curve in session 5 (P ϭ 0.001) and session 10 (P ϭ 0.003), especially at the high stimulation intensities. The rTMS_only intervention also reduced the slope of recruitment curve MEP size in session 5 (interaction, P ϭ 0.015) and session 10 (interaction, P ϭ 0.027), with a significant 25% reduction in overall MEP size (time effect, P ϭ 0.012). Again, the interaction was caused by the reductions in MEP size at the high stimulation intensities, as indicated in Fig. 2 . There were no changes in the control group. There were also no changes in MEP size of the right ADM after the interventions applied to the right FDI (data not shown).
We compared the chronic effects of five interventions on MEP size with a group by session by intensity ANOVA, using in this analysis only the preintervention recruitment curves from sessions 1, 5, and 10. The most relevant aspect of this ANOVA was the group by session two-way interaction (F ϭ 4.7, P ϭ 0.001) and the group by session by intensity threeway interaction (F ϭ 1.5, P ϭ 0.026), the latter indicating that the five interventions modulated the recruitment curves differently across sessions 1, 5, and 10. Figure 3 shows that the Vol and VolϩSham interventions did not chronically affect MEP size. In contrast, the magnitude of MEP decreased significantly in VolϩrTMS and rTMS_only groups compared with the Vol, VolϩSham, and control groups. Specifically, the overall MEP size (i.e., pooled across stimulation intensities) remained similar in Vol (sessions 1 vs. 10: 15.5 Ϯ 2.6% vs. 16.4 Ϯ 3.1% of M max ) and VolϩSham (sessions 1 vs. 10: 12.4 Ϯ 3.8% vs. 14.6 Ϯ 2.1% of M max ) groups. However, in the VolϩrTMS group the MEP amplitudes decreased from 19.1% (Ϯ3.0) in session 1 to 18.2% (Ϯ2.2) in session 5 and further decreased (P Ͻ 0.05) to 14.1% (Ϯ2.9) of M max in session 10, with a overall 26% decrease from session 1 to 10 (P Ͻ 0.05). In the rTMS_only group, the MEP amplitudes decreased from 18.1% (Ϯ3.4) in session 1 to 17.4% (Ϯ2.2) in session 5 and further decreased to 15.9% (Ϯ2.4) of M max in session 10, with an overall 12% reduction from session 1 to session 10 (P Ͻ 0.05). In both of these interventions, therefore, the majority of reductions in MEP occurred in the latter half of the interventions. Figure 3 identifies the specific stimulation intensities at which significant between-session reductions occurred. There were no significant chronic changes in MEP amplitude in the right ADM (data not shown).
Correlation Analyses
There was no significant relationship between rMT and MVC in the data pooled across all subjects at session 1 (r ϭ 0.02, P ϭ 0.834), session 5 (r ϭ 0.01, P ϭ 0.887), and session 10 (r ϭ 0.00, P ϭ 0.911). The correlation between the percent changes in MVC and the changes in the size of the MEP measured at the highest stimulation intensity, computed from data between sessions 1 and 10, were low in Vol, rTMSϩVol, and VolϩSham groups (range r ϭ 0.01-0.57). There also was no significant relationship between changes in rMT and changes in the size of the M max -normalized MEP measured at 1.6 rMT (data not shown).
DISCUSSION
The main finding of the present study was that low-frequency rTMS of M1 diminished exercise-induced gains in MVC. The diminishment in strength gains was limited to VolϩrTMS, whereas rTMS_only did not significantly affect strength gains, suggesting an interaction between voluntary command and the effects of rTMS on M1. These adaptations were not accompanied by changes in twitch forces and were spatially confined to the trained right FDI, because changes in voluntary force and corticospinal excitability were not significant in the untrained right ADM.
The strength training paradigm of the right FDI produced comparable gains in MVC reported previously in the FDI and other small finger muscles without inducing changes in a control muscle, the right ADM (33, 34, 59) . The absence of strength gains in the ADM suggests a spatial specificity of the observed training effects in MVC. In addition, the absence of change in MVC in the nonexercising control group, visiting the laboratory as many times as the intervention groups (27) , suggests that there was no significant contribution from the testing protocol per se to strength gains observed in the intervention groups.
There is a strong consensus that functional modifications in specific structures of the central nervous system mediate some of the adaptations produced by high-intensity exercise (1, 9, 16, 27, 30, 49, 59) . However, evidence remains elusive as to whether the site of adaptations is supraspinal, spinal, or both. A group of animal and human studies suggests that prolonged exercise training with high-intensity voluntary contractions vis-à-vis skill training produces little or no adaptation in the corticospinal neurons and M1 (9, 30, 44) . However, resistance training of the tibialis anterior was associated with a 32% increase in MEP amplitude produced by TMS during low-level contractions without changes in M-wave amplitude, indicating a role for spinal, corticospinal neurons, possibly M1 (25) . In addition, several other studies showed that adaptations to acute and chronic voluntary and electrical stimulation-evoked muscle contractions, without a skill component, increased volitional drive from supraspinal centers (4, 13, 15, 24, 31, 32) without concomitant changes in H reflex, measured at rest or during mild voluntary contraction (1, 10, 13, 15, 23, 24, 35, 38, 50, 55) . However, the interpretation of these studies must be viewed carefully because they do not provide direct evidence for M1's involvement in strength gains and some studies did find increases in H reflex after resistance training (1, 4, 15, 32) . In addition, several of these studies reported an increase in the amplitude of the V wave after strength training without changes in H-reflex amplitude at rest and during mild voluntary contractions, implying a role for supraspinal structures in training-induced increases in voluntary force. M1 is arguably the primary supraspinal structure involved in controlling voluntary force (3). We must exercise caution in interpreting the V-wave and H-reflex studies. It is possible that the V waves, recorded during MVCs, and the H reflexes, recorded at rest and during mild contractions, measure the excitability of different motor units. In addition, a change in V-wave amplitude with training could be due to changes in the properties of the Ia afferent: motoneuronal synapse, intrinsic motoneuron properties, and changes in motoneuron firing rate (that could be due to spinal or supraspinal effects), making it difficult to pinpoint the site of adaptation.
The present study expands on these findings by using a new approach, and the data point to a possible role of M1 in adaptations to chronic exercise involving a simple skill. Our data qualitatively agree with previous human and animal studies showing that voluntary strength training can increase MVC without concurrent increase in corticospinal excitability (Figs.  2 and 3) (9, 30, 44) . Indeed, corticospinal excitability may remain unchanged because of the low level of task complexity and the limited peripheral feedback normally present in the motor tasks used in such training programs. However, here we addressed the role of M1 in mediating voluntary strength gains with a different approach and asked the question, "Does chronic interference with M1 by rTMS affect strength gains produced by exercise training?" We used this approach because low-frequency rTMS is known to cause widespread inhibition of cortical circuits including M1 excitability (45) . While several studies reported that low-rate rTMS does not interfere with simple motor skills such as paced fist clenching (43), finger tapping (11, 58) , and finger acceleration during pinching (40) , a few studies did report impairments in motor output, including reaction time and finger tracking performance (7, 51) . In addition, prior motor training also reduced the response to a subsequent facilitatory rTMS protocol, suggesting that rTMS influences functionally important circuits (53) . Because none of these studies administered rTMS chronically (over several days or weeks), the possibility exists that long-term, low-rate rTMS of M1 would reduce its excitability to a level that would interfere with the command needed to generate voluntary force, implicating a role for M1 in mediating increase in voluntary force. Consistent with this suggestion and the results of some (7, 51) but not all (11, 43, 58 ) studies, we also observed acute (within session) small (ϳ3-6%) but significant reductions in MVC.
Indeed, an important difference between previous rTMS studies and the present work is that in the previous studies motor practice and rTMS were limited just to one or, at most, a few sessions (7, 11, 43, 45, 51, 58) . We found that chronic low-rate, 1-Hz rTMS diminished gains in voluntary force production as healthy individuals exercised their right FDI over 10 sessions with a total of 500 voluntary contractions at 70 -80% of MVC. Figure 1 shows that rTMS's diminishing effects on strength gains appeared around the sixth session. We applied rTMS during the 1-min-long rest periods instead of the 5-s-long muscle contractions. Such an experimental arrangement allowed us to control the timing of delivery of the rTMS trains and avoid fluctuations in force that the rTMS pulses would have caused. Such an approach relies on rTMS to exert its inhibitory effects on the involved cortical structures after the rTMS trains are delivered. It is well established that 1-Hz rTMS, consisting of just 150 pulses, i.e., one-half of the number of pulses used in the present study (56) , can have aftereffects lasting 2-10 min and reduce corticospinal excitability by 25% or more (45) . Therefore, the effect from rTMS that ultimately interfered with motor output was the result of an interaction between the lingering aftereffects of rTMS and the neural command for muscle contraction. That corticospinal excitability was reduced in VolϩrTMS but not in Vol is evidence that such an interaction occurred. Such an interaction was also demonstrated in a different experimental context in which theta-burst stimulation given after a voluntary contraction inhibited MEPs (21) . Still, the precise mechanism of how rTMS interfered with motor performance is unclear. One possibility is that chronic 1-Hz rTMS activated cortical inhibitory interneurons (11, 17, 18, 36, 37, 40, 46, 56, 57) and reduced cortical and corticospinal excitability (Figs. 2 and 3 ) and the responsiveness of M1 to stimulation arising from central drive. Another possibility is that rTMS reduced synaptic efficacy in cortical and corticospinal neurons so that for a given excitatory input from central drive there was less postsynaptic activity akin to long-term depression. Third, rTMS is known to reduce sensitivity in M1 to somatosensory activity (57) , so that rTMS may have interfered with the afferent input from the contracting FDI. Hence, the site of rTMS becomes less responsive to activity in motor areas, including M1, involved in execution of the FDI contraction (36) .
We used TMS-induced activation of the right FDI to determine the optimal scalp position for rTMS so that the right FDI M1 was definitively in the center of the stimulation field. To test whether rTMS at this site actually interfered with M1, we studied rTMS-induced changes in single-pulse TMS measures of corticospinal excitability, i.e., rMT and MEP size, before and after the rTMS procedure. Consistent with previous reports (11, 17, 18, 36, 37, 40, 46, 56, 57) , 1-Hz rTMS resulted in an acute reduction of corticospinal excitability (Fig. 2) . Specifically, our results agree with Togue et al.'s data that 150 -600 rTMS stimuli delivered at 1 Hz and an intensity of 95% of rMT reduced MEP size by 25% for ϳ10 min after rTMS (56) . In addition, the initial acute reduction in MEP size in session 1 accumulated to produce a chronic reduction over the 10 sessions, a new finding. We found an overall reduction in MEP size of 26% in the VolϩrTMS group and 12% in the rTMS_only group after 3,000 pulses of 1-Hz rTMS at 120% of rMT between session 1 and session 10 ( Figs. 2 and 3) . These data are proof that rTMS interfered with M1 acutely and chronically. We are not aware of any studies that have used 1-Hz rTMS chronically for 10 sessions and quantified its effects on MEP size. The rTMS effects were likely to be confined to M1 because previous studies found no changes in various measures of spinal excitability in healthy adults (29, 56) . Overall the present data qualitatively complement the findings of Bäumer et al. (6) , although they stimulated the premotor area and not M1, showing that 1-Hz rTMS produced cumulative changes in M1 when repeated within 24 h.
The present study cannot determine the specific features of M1 or corticospinal function that can contribute to strength training-induced modulation of voluntary force. Imaging studies suggest that changes in voluntary force could be mediated by the recruitment of cortical areas that are not directly involved in the control of the same movement, resulting in an increase in the area of motor cortex activated (14) . rTMS could have interfered with this expansion and affected strength gains. There is evidence for intracortical synaptic reorganization and an increase in cortical excitability following repetitive motor tasks (5) and this reorganization being linked to short-term and long-term potentiation (2) . Increased M1 output after resistance training can lead to motor unit synchronization that can increase voluntary force (Ref. 52 , but see Ref. 34) , and chronic rTMS can affect cortical oscillatory behavior producing such synchronization (12) . Still, we cannot tell whether any of these mechanisms played a role under the present experimental conditions.
There are several limitations to the present study. We did not take TMS measurements during muscle contraction, to reduce subjects' exposure to TMS, and this limits the interpretation of the data. This study still leaves unresolved the precise location of adaptation in the nervous system. We did not test for any spinal effects. Considering the inconsistent results from TMS (9, 25, 30) and peripheral nerve stimulation studies (1, 4, 13, 15, 23, 24, 32, 35, 38) , a role for segmental effects cannot be dismissed. We intentionally designed the study to consist of only 10 sessions so that the nature of adaptation would primarily be neuronal (9) ; it is still possible that a portion of the strength gains was due to muscle hypertrophy. We tried to check this by measuring twitch force. We, as others (9) , found no changes in the twitch-evoked forces, suggesting that indeed some central factor was involved in the adaptations to the exercise program. It is still possible that intramuscular changes also contributed to strength improvements in the absence of twitch changes through force-frequency effects. The twitch force measurements must be interpreted with caution because ulnar nerve stimulation activates the dorsal as well as the antagonist palmar interossei, which can bias the data (cf. Refs. 9, 54). In addition, tetanic stimulation of the ulnar nerve could have been more sensitive to detect spatial specificity than the twitch measurements. Although we prevented the movement of the index finger, rTMS of the FDI cortical area still produced sporadic twitches in the FDI. Tendon and skin receptors respond to these induced twitches and could have contributed to the rTMS effects. Finally, we did not administer rTMS to a cortical area other than M1 of the FDI area to determine the motor cortical specificity of rTMS's effects on strength gains and also used only one frequency and one intensity. Considering that rTMS of occipital and dorsolateral prefrontal cortex did not affect motor consolidation in a previous study (41) , we excluded such control experiments.
In summary, we found that voluntary strength training increased MVC without significant changes in corticospinal excitability measured with TMS. Real but not sham 1-Hz rTMS of the hand area M1 interfered with strength gains, and the diminishment in strength gains was moderately but significantly associated with the reductions in M1 excitability. None of the interventions affected M max amplitude, twitch force, or the voluntary force in the spatially separate right ADM. Although contributions from spinal sources cannot be excluded, the data suggest that M1 may play a role in mediating neural adaptations to strength training.
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